Mitochondria are dynamic organelles that undergo permanent fission and fusion events. These processes play an essential role in maintaining normal cellular function. In the yeast Saccharomyces cerevisiae, the endoplasmic reticulum-mitochondrial encounter structure (ERMES) is a marker of sites of mitochondrial division, but it is also involved in a plethora of other mitochondrial functions. However, it remains unclear how these different functions are regulated. We show here that Mdm34 and Mdm12, 2 components of ERMES, are ubiquitinated by the E3 ligase Rsp5. This ubiquitination is not involved in mitochondrial dynamics or in the distribution and turnover of ERMES. Nevertheless, the ubiquitination of Mdm34 and Mdm12 was required for efficient mitophagy. We thus report here the first identification of ubiquitinated substrates participating in yeast mitophagy.
Introduction
Mitochondria are double-membrane-bound organelles organized into dynamic tubular networks with a morphology conditioned by the balance between mitochondrial membrane fusion and fission.
1,2 The predominance of one of these events over the other results in hyperfused or highly fragmented mitochondria, with effects on all mitochondrial functions, from oxidative phosphorylation to lipid metabolism, calcium homeostasis, cell signaling and organelle quality control. 2, 3 The fusion and fission of mitochondrial membranes need large GTPases of the dynamin-related proteins (DRPs) family. MFNs (mitofusins) and OPA1 (Mgm1 in yeast) are transmembrane DRPs that promote the anchoring and fusion of the mitochondrial outer and inner membranes, respectively. Fission requires a cytosolic DRP (Dnm1 in yeast; DNM1L in metazoans) that is recruited to the outer membrane and mediates constriction followed by mitochondrial tubule separation. The sites of DRP recruitment are not random; instead, they correspond to regions in which the endoplasmic reticulum wraps around mitochondrial tubules. 4 This process, known as ERassociated mitochondrial division (ERMD), has been characterized thoroughly in yeast and involves the multiprotein ER-mitochondrial encounter structure (ERMES).
The ERMES complex consists of the mitochondrial outer membrane proteins Mdm10 and Mdm34, the ER integral membrane protein Mmm1 and the cytosolic protein Mdm12, which serves as a bridge between the ER and the mitochondria. 5 ERMES tethers the mitochondria to the ER and acts as a marker of sites of mitochondrial division, together with Gem1, a rho-like GTPase of the outer membrane that acts as a regulatory subunit of ERMES. 6, 7 At these sites, the complex is colocalized with replicating mitochondrial DNA (mtDNA), providing a connection between the division of mitochondria and the distribution of mtDNA. [8] [9] [10] Following division, the distribution of ERMES is asymmetric, with this complex associated with only one of the 2 mitochondrial tips.
ERMES function is not restricted to ERMD. The ERMES component Mdm10 is a b-barrel protein, that also belongs to the SAM (sorting and assembly machinery) complex, implicated in the insertion of ß-barrel proteins into the mitochondrial outer membrane. 11 Mitochondrial division at the ER is required for the selective degradation of mitochondria by autophagy, and ERMES is implicated in this mitophagy-specific fission process. [12] [13] [14] It has also been suggested that ERMES supplies the growing autophagosome with lipids during mitophagy. Consistent with this possibility, Mdm34, Mmm1 and Mdm12 contain SMP (synaptotagmin-like, mitochondrial and lipid-binding proteins) domains that probably mediate the exchange of lipids between the ER and the mitochondria. [15] [16] [17] On the basis of its interaction with the peroxisomal protein Pex11, Mdm34 has also been implicated in the establishment of physical contact between mitochondria and peroxisomes, a process independent of Mmm1 and Gem1. 18, 19 ERMES components may therefore be involved in transferring lipids to mitochondria from other organelles.
Mutants lacking any of the ERMES components have giant swollen mitochondria, lack mtDNA nucleoids and cannot grow on a respiratory medium. These defects reflect the diversity of ERMES functions in the regulation of mitochondrial homeostasis. However, the molecular principles underlying the role of the complex in mitochondrial fission, mtDNA distribution, mitophagy or lipid transit between organelles are unknown. Mdm34 undergoes ubiquitination; 20 this modification may separate out the different functions of ERMES components, but its precise role in this content remains to be determined.
Ubiquitination is the formation of a covalent bond between the C-terminal end of ubiquitin (a 76-amino acid polypeptide) and the amino side group of a lysine residue within a target protein referred to as the "substrate." 21 Ubiquitin contains 7 lysine residues and can itself be ubiquitinated, giving rise to poly-ubiquitin chains. The lysine residue of ubiquitin used to link ubiquitin moieties defines the function of the ubiquitin chains. For instance, lysine 48-linked ubiquitin chains (UbK48) are the main signal for targeting to a multimeric degradation complex called the proteasome. By contrast, UbK63 chains or the modification of substrates with single ubiquitin moieties may mediate regulatory functions that are mostly independent of substrate targeting to the proteasome. 21 The type of bonding to ubiquitin depends on the ubiquitin-conjugating enzymes (E2s) and ubiquitin ligases (E3s) involved. E3s determine the substrate specificity of ubiquitination by binding to both substrates and E2s. There are 3 major categories of E3s, defined on the basis of the mode of ubiquitin transfer from the E2 to the substrate: RING (really interesting new genes), HECT (homologous to E6-associated protein C terminus) catalytic domain or RBR (RING between RINGs) enzymes. 22, 23 RING E3s mediate the direct transfer of ubiquitin from the E2 to the substrate. HECT E3s differ from RINGs in that they accept ubiquitin from E2s on a conserved cysteine of the HECT domain and then transfer the ubiquitin to the target substrate. RBR E3s contain a first RING domain that binds to E2s. However, like HECT E3s, they catalyze the transfer of ubiquitin from the E2 to the catalytic cysteine of a second RING domain before its transfer to the substrate. 23 Members of each of these E3 groups have been shown to be essential for the regulation of mitochondrial homeostasis. In yeast, the HECT E3 Rsp5 was the first ubiquitin ligase shown to regulate mitochondrial function and inheritance. 24, 25 The SCF-Mdm30 (Skp1/Cullin/F-box protein with Mdm30 as the F-box protein) complex is a multimeric RING E3 that promotes K48-ubiquitination and subsequent proteasomal degradation of the yeast mitofusin Fzo1. 26, 27 In addition to this established role in the regulation of mitochondrial fusion, the SCF-Mdm30 has also been shown to be responsible for ubiquitination of the Mdm34 ERMES component. 20 PARK2/Parkin is an RBR E3 that has been implicated in the onset of juvenile Parkinson disease and plays a crucial role in mitophagy. 28 Mitophagy involves integral proteins of the mitochondrial outer membrane containing Atg8-interacting motifs (AIMs, referred to as LC3-interacting regions [LIRs] in more complex eukaryotes) in their cytosolic domains. These AIMs/LIRs bind Atg8/LC3-family proteins, thereby recruiting the autophagic machinery. 29 In yeast, this pathway requires the AIM-containing Atg32 receptor. 30 Following the induction of mitophagy, Atg32 is phosphorylated and recruits the soluble factor Atg11, before interacting with Atg8. 30, 31 In mammalian cells, there is an additional ubiquitin-dependent mitophagy pathway that is dependent on the RBR E3 ligase PARK2/Parkin. 32 PARK2 is selectively recruited to depolarized mitochondria, where it induces the ubiquitination of outer membrane substrates. 33 The subsequent recruitment of receptors with ubiquitin-binding domains and LIR motifs triggers the degradation of ubiquitin-tagged mitochondria by autophagy. Clues to the role of ubiquitin in yeast mitophagy have recently been obtained. 34 However, the E3 ligase and the ubiquitination substrates involved in this process remain to be identified.
We show here that Mdm34 ubiquitination is dependent on Rsp5. We also show that this HECT E3 promotes the ubiquitination of Mdm12. Ubiquitin-dependent modification of these 2 ERMES components did not affect ERMD, the distribution of mtDNA or the localization of ERMES to sites of contact between the ER and mitochondria. However, the Rsp5-mediated regulation of ERMES was found to be required for efficient mitophagy.
Results

Mdm34 is a substrate of Rsp5
We investigated the role of Mdm34 ubiquitination by the ubiquitin ligase SCF-Mdm30, by generating "wild-type" (for MDM30) and mdm30D strains in which the C-terminal part of MDM34 was fused to 9 MYC epitopes, at the chromosomal locus. The resulting wild-type strain displayed no growth defect on YPD or YPG, demonstrating that the tagged version of MDM34 was functional (Fig. S1A) . Yeast crude protein extracts from wild-type and mdm30D strains grown to mid-exponential growth phase were separated by SDS-PAGE and analyzed by western blotting with a monoclonal anti-MYC antibody. In these conditions, slowly migrating species potentially corresponding to ubiquitinated Mdm34 were barely visible (Fig. 1A , upper panel, lane ø). We then overproduced untagged or 6-HIS-tagged ubiquitin, to optimize the detection of Mdm34 ubiquitination.
Upon ubiquitin overexpression, confirmed by immunoblotting with an anti-ubiquitin antibody (Fig. 1A lower panel) , we were able to detect at least 3 slowly migrating Mdm34 bands in the wild-type strain (Fig. 1A and Fig. S1B ). These species corresponded to ubiquitinated Mdm34, because a shift in molecular weight was observed when the overproduced ubiquitin was tagged with histidine ( Fig. 1A and Fig. S1B) . Surprisingly, Mdm34 was as ubiquitinated in the mdm30D strain as in the wild-type strain indicating that, upon ubiquitin overexpression, the SCF-Mdm30 ubiquitin ligase is not involved in Mdm34 ubiquitination (Fig. 1A) .
Two studies have identified Mdm34 as one of the binding partners of the Rsp5 ubiquitin ligase. 35, 36 We therefore assessed the possible role of Rsp5 in the ubiquitination of Mdm34. The deletion of RSP5 is lethal and its essential function is the induction of ubiquitin proteasome-dependent processing and activation of the transcription factor Spt23, which promotes the synthesis of the D9 fatty acid desaturase enzyme Ole1. 37 We produced C-terminally tagged Mdm34 in an rsp5D strain complemented with the truncated version of Spt23 (hereafter called rsp5D pspt23DCT). In the absence of Rsp5, Mdm34 ubiquitination, upon ubiquitin overexpression, was completely abolished (Fig. 1A) .
We inhibited the presumed interaction between the 2 proteins, to confirm the direct requirement for Rsp5 in Mdm34 ubiquitination. Rsp5 belongs to the NEDD4 (neural precursor cell-expressed, developmentally downregulated) family of HECT E3s. These proteins share similar domain architectures, with an N-terminal C2 domain that binds membrane phosphoinositides, 2-4 WW (Trp-Trp) protein-protein interaction modules, and a C-terminal HECT domain. Rsp5 contains 3 WW domains that bind short recognition sequences ([L/P] PXY) called PY motifs. 22, 38, 39 Mdm34 has a PPPY sequence at its C terminus and interacts with the WW3 domain of Rsp5 35 or with the full-length ubiquitin ligase. 36 The Mdm34 PY motif is located only one amino acid upstream from the stop codon (Fig. 1B) . We were therefore able to mutate the PY motif directly at the chromosomal locus (PPPY!AAAY) to generate the mdm34[3PA]-MYC strain. This mutation did not affect the viability of the strain (Fig. S1A ) but resulted in an almost total absence of Mdm34 ubiquitination (Fig. 1A and Fig. S1B ). Thus, in conditions of ubiquitin overproduction, Mdm34 is a substrate for Rsp5-mediated ubiquitination.
Mdm12 is also a substrate of Rsp5
The PY motif in Mdm34 probably recruits Rsp5, triggering the ubiquitination of Mdm34. However, Mdm34 is part of the ERMES complex and the proximity of Rsp5 may lead to the ubiquitination of partner proteins interacting with Mdm34. We checked whether the other ERMES components were subject to Rsp5-mediated ubiquitination. We first confirmed the functionality of the MDM12, MMM1, MDM10 and GEM1 genes tagged with 9MYC epitopes (Fig. S2A) , and then analyzed the migration profiles of all ERMES components in conditions of ubiquitin overproduction. A few, very faint, slowly migrating species were detected for Mmm1 and Gem1, but not for Mdm10 ( Fig. 2A) . The slowly migrating bands detected for Gem1 did not correspond to ubiquitin species because they were present in the presence and absence of ubiquitin overproduction. They probably corresponded to another posttranslational modification or nonspecific bands. Mmm1 is an N-glycosylated ER membrane protein and the slowly migrating species detected corresponded to glycosylated forms of Mmm1 that disappeared after EndoH f treatment (Fig. S2B ). By contrast, Mdm12 displayed a clear pattern of ubiquitination in the presence, but not in the absence of Rsp5 (Fig. 2B) . Thus, Mdm34 and Mdm12 are ubiquitinated by Rsp5, but they do not seem to act as adaptors for the ubiquitination of the other ERMES components in the conditions used.
Mdm34 and Mdm12 are ubiquitinated under fissioninducing conditions
We investigated whether the ERMES components were ubiquitinated under specific physiological conditions. Given that Rsp5 is involved in regulating membrane dynamics and ERMES is a marker of mitochondrial fission, 10 we decided to monitor the ubiquitination of Mdm34 and Mdm12 upon the induction of fission. Consistent with previous observations, 40 cell cycle arrest in the G 1 phase, through the treatment of wildtype cells with a factor, induced extensive fragmentation of the mitochondrial networks (Fig. 3A) . We then investigated the behavior of ERMES components after a factor treatment in wild-type and rsp5D pspt23DCT cells. After 2 h of a factor treatment, faint bands, corresponding to ubiquitinated proteins, appeared in the MDM34-MYC strain (Fig. 3B ). These bands were stronger after 4 h of treatment. Ubiquitinated species of Mdm12-MYC were also detected after 4 h of treatment with a factor (Fig. 3B ). This ubiquitination was strictly dependent on Rsp5, as no slowly migrating Mdm34 and Mdm12 species were detected in the absence of Rsp5 (Fig. 3B) . Furthermore, no ubiquitinated Mdm34 species were detected when the MDM34 PY motif was mutated (Fig. S3) .
Consistent with the results obtained in conditions of ubiquitin overproduction, Mmm1-MYC, Gem1-MYC and Mdm10-MYC were unaffected by a factor treatment in the wild-type and rsp5-deleted strains (Fig. S3) . We checked that the ubiquitination of Mdm34 and Mdm12 after a factor treatment was associated with the induction of mitochondrial fragmentation rather than cell cycle arrest, by monitoring the ubiquitination pattern of ERMES components under other conditions promoting mitochondrial fission in glucose-containing medium (fermentation) and in glycerol-containing medium (respiration). We optimized the detection of ubiquitinated species of Mdm34 and Mdm12 by tagging MDM34 and MDM12 with 13-MYC rather than 9-MYC (Fig. 3D) . The corresponding constructs were MDM34-13MYC and MDM12-13MYC. Ubiquitination was analyzed during the early (EE) and late exponential (LE) growth phases. Heat shock at 37 C and oxidative stress with H 2 O 2 were used to induce fragmentation of the mitochondrial networks (Fig. 3C ). These treatments promoted the PY motif-dependent ubiquitination of Mdm34-13MYC and the ubiquitination of Mdm12-13MYC (Fig. 3D ) in both fermentative and respiratory media. These observations are consistent with the correlation between mitochondrial fission and ERMES ubiquitination. C in YNB supplemented with glucose. CuSO4 (100 mM) was added to the cell cultures for 1 h to induce ubiquitin synthesis from the CUP1 promoter. Total protein extracts were prepared and analyzed by western immunoblotting with anti-MYC (anti-MYC), anti-ubiquitin (anti-Ub) and anti-phosphoglycerate kinase (anti-Pgk1) antibodies. Pgk1 was used as a loading control. , Glycosylated forms;
Having determined the conditions in which the Rsp5-dependent ubiquitination of Mdm34 and Mdm12 occurred, we investigated the possible connections between the modifications of these 2 components. We analyzed Mdm12 expression upon heat shock in wild-type and mdm34[3PA] strains (Fig. 4A ). The ubiquitination of Mdm12-13MYC was efficiently detected after 30 min of incubation at 37 C and remained present over a 2-h period of heat shock in the wild-type strain. By contrast, mutation of the PY motif of Mdm34 resulted in much lower levels of Mdm12-13MYC ubiquitination (Fig. 4A) . Thus, the mutation of a single PY motif in the ERMES complex abolished the ubiquitination of both targets of Rsp5: Mdm34 and Mdm12.
An analysis of the peptide sequences of Mdm12 and Mmm1 revealed the presence of 2 putative L/PPXY motifs at the N terminus of Mdm12 (LPSY) and in the central region of Mmm1 (LPEY) facing the cytosol. It was unclear whether all these PY motifs were involved in the interaction with Rsp5, forming a recruitment platform for the ligase, or whether the PY motif of Mdm34 was the only motif required for the ubiquitination of Mdm34 and Mdm12. We tested this second hypothesis, by constructing a plasmid encoding Mdm12 tagged with 13MYC, either wild-type or with a mutation of the PY motif (LPSY!AAAY). The resulting plasmids were introduced into a strain with an mdm12 deletion, and ubiquitination was analyzed in the late exponential growth phase. The ubiquitination pattern of Mdm12[3A]-13MYC was compared with that of the strain bearing the chromosomally encoded Mdm12-13MYC (Fig. 4B) . The ubiquitination pattern of Mdm12 was not affected by the mutation of its PY motif. The ubiquitination of Mdm34 and Mdm12 was, therefore, strictly dependent on the PY motif of Mdm34.
Analysis of the ubiquitination and turnover of Mdm34 and Mdm12
Rsp5 modifies its substrates by adding a single ubiquitin moiety or short K63-linked polyubiquitin chains. 39 We therefore analyzed the conjugation of ubiquitin to Mdm34-MYC or Mdm12-MYC and used ubiquitin variants in which either 6 (K48-only or K63-only) or 7 (K0) of the lysine codons of ubiquitin had been mutated to arginine codons. We used an anti-ubiquitin antibody to confirm that ubiquitin was indeed overproduced (Fig. S4) .
If a substrate is modified by the addition of K63-linked ubiquitin chains, then its polyubiquitination would be affected by the overproduction of UbK0 or UbK48-only, but not by the overproduction of UbK63-only. The K0 "lysine-less" ubiquitin can be conjugated to acceptor lysine residues in target substrates, but it blocks the elongation of polyubiquitin chains. In this context, a substrate subjected to monoubiquitination should show the same ubiquitination pattern regardless of the overproduction of wild type Ub, UbK0, UbK48-only or UbK63-only.
As previously shown ( Fig. 1 ), 3 slowly migrating bands (Fig. 4C , Ub-conj) for Mdm34-13MYC were detected in the strain without ubiquitin overproduction (ø). These 3 bands corresponded to ubiquitin moieties, because their level increased and a shift in molecular weight was observed when the ubiquitin was tagged with histidine ( Fig. 1 and 4C ). The first and third bands ( Fig. 4C , bands 1 and 3) corresponded to monoubiquitinated Mdm34-13MYC, because they were also detected when the overproduced ubiquitin was K0 "lysine-less," K48-only or K63-only. The second band (Fig. 4C , band 2) was present when the overproduced ubiquitin was K63-only but its level decreased with UbK0 or UbK48-only, indicating that this band corresponded to a short K63-linked chain, probably di-ubiquitin. Thus, Mdm34 is mostly monoubiquitinated and has only short chains (probably di-ubiquitin) linked via lysine K63.
Mdm12-13MYC also presented 3 slowly migrating bands that corresponded to ubiquitin conjugates, as a shift in molecular weight was observed when overproduced ubiquitin was tagged with histidine (Fig. 4D , lane ø and His-Ub). Another band was present, just below the first ubiquitinated species (Fig. 4D,^) , but this band did not correspond to ubiquitin because its level did not change upon ubiquitin overexpression and no shift in molecular weight was observed when ubiquitin was tagged with histidine. This band probably corresponds to a post-translational modification other than ubiquitination. The overproduction of wild-type, K0 or K48-only ubiquitin did not change the migration profiles of bands 2, 3 and 4 (Fig. 4D) . C. They were then shifted to 37 C and total protein extracts were prepared at the times indicated. The ubiquitination pattern of Mdm12-13MYC was analyzed by western immunoblotting with antibodies against MYC and Pgk1. Pgk1 was used as a loading control.
Ã , nonspecific band. (B) mdm12D pMDM12-13MYC, mdm12D pmdm12[3PA]-13MYC and the MDM12-13MYC strains were grown to late exponential growth phase to induce the ubiquitination of Mdm12. Total protein extracts were prepared and the ubiquitination pattern of Mdm12-13MYC was analyzed by western immunoblotting with antibodies against MYC and Pgk1 as a loading control.
Ã , nonspecific band. (C and D) A wild-type strain without tagged genes (WT), and the MDM12-13MYC and MDM34-13MYC strains transformed with plasmids expressing 8-His tagged wild-type ubiquitin (8His-Ub), Ub-K0 (8His-UbK0), Ub-K48only (8HisUb-K48only), Ub-K63only (8HisUb-K63only) or with an empty plasmid (Ø) were grown to early exponential growth phase at 24 C in YNB with glucose as the carbon source. Cells were shifted to 37 C to induce protein ubiquitination and copper (CuSO4, 100 mM) was added to the cell cultures for 1 h to induce ubiquitin synthesis from the CUP1 promoter. Total protein extracts were prepared and analyzed by western immunoblotting and autoradiography with antibodies directed against MYC (anti-MYC), ubiquitin (anti-Ub), or vacuolar membrane ATPase (anti-Vma2) as a loading control. Various slowly migrating bands are indicated by numbers. &, Mdm34-13MYC and Mdm12-13MYC ubiquitinated species; O, Mdm34-13MYC and Mdm12-13MYC 8His-ubiquitinated species;
Ã , nonspecific bands;^, uncharacterized slowly migrating Mdm12-13MYC moiety; , New band; Ub-conj, ubiquitin conjugated to Mdm34-13MYC and Mdm12-13MYC.
These bands therefore correspond to monoubiquitinated species. A new band (band 1) appeared when wild-type, K0 or K48-only ubiquitin was overproduced. However, when K63-only ubiquitin was overproduced, band 1 was not observed but another band appeared (Fig. 4D, arrow) , indicating that Mdm12 was also modified by the addition of short K63-linked chains. Thus, Mdm34 and Mdm12 are probably monoubiquitinated on several acceptor lysine residues and also ubiquitinated with short K63-linked ubiquitin chains that are probably composed of 2 ubiquitin moieties. These findings are consistent with a role of Rsp5 in the ubiquitination of Mdm34 and Mdm12.
Unlike K48-linked polyubiquitination, and consistent with a nonproteasomal degradative role of Rsp5-mediated ubiquitination, these 2 types of ubiquitination do not efficiently target proteins for proteasomal degradation. 41 We analyzed the turnover of Mdm34, Mdm34[3PA] and Mdm12 in wild-type and rsp5D pspt23DCT strains (Fig. 5 ). Cells were grown to mid-exponential growth phase, transferred to 37 C to induce ubiquitination, and protein synthesis was inhibited by adding cycloheximide (CHX). The turnover of the different proteins was estimated by western blotting with immunodetection (Fig. 5) . The decrease in the levels of Mdm34-MYC, Mdm34
[3PA]-MYC and Mdm12-MYC during the first part of the time course (0 to 1 h) was not significantly affected by the absence of Rsp5. After 2 to 4 h of CHX treatment, Mdm34[3PA]-MYC levels began to stabilize compared to wild type Mdm34-MYC. Furthermore, a weak stabilization of Mdm34-MYC and Mdm12-MYC was observed in the rsp5D pspt23DCT strain compared to the wild-type strain. Given these only late effects on stabilization, we conclude that, in the experimental conditions tested, the Rsp5-dependent ubiquitination of Mdm34 and Mdm12 was not involved in regulating the rapid turnover of these ERMES components.
The abolition of Mdm34 ubiquitination does not affect mitochondrial morphology or fission
The PY motif of Mdm34 is required for the Rsp5-dependent ubiquitination of both Mdm34 and Mdm12. An analysis of ERMES functions in cells in which this motif is mutated should provide insight into the role of Mdm12 and Mdm34 ubiquitination.
An absence of ERMES components greatly disturbs the organization of the mitochondria. [42] [43] [44] [45] We therefore monitored the morphology of the mitochondria and ER, and the distribution of mtDNA, in wild-type and mdm34[3PA] strains. No differences were detected between wild-type and mutant cells (Fig. 6A) . In particular, the mitochondria were closely associated with the ER and, consistent with normal growth of the mdm34[3PA] strain on glycerol media (Fig. S1A) , the distribution of mtDNA, as assessed by DAPI staining, was unaffected in this mutant (Fig. 6A) .
ERMES components have also been shown to serve as markers of mitochondrial division, consistent with a role in mitochondrial fission. 10 Furthermore, Mdm34 and Mdm12 are ubiquitinated under fission-inducing conditions. We therefore investigated whether the ubiquitination of these proteins was important for fission. We tested this hypothesis by investigating the fragmentation of mitochondrial networks in wild-type and mdm34[3PA] strains treated with a factor or H 2 O 2 (Fig. 6B) . In both sets of conditions, the degree of mitochondrial fragmentation was similar in the mutant and wild-type strains and the fragmented mitochondria were closely apposed to the ER in both strains (Fig. 6B) .
We also compared the distributions of the Mdm34 and Mdm34[3PA] proteins tagged with GFP. Both strains grew normally on glucose-or glycerol-containing media, indicating that the GFP tag had no effect on Mdm34 function (Fig. S5) . Mdm34-GFP and Mdm34[3PA]-GFP displayed punctate staining colocalized with mito-RFP-labeled mitochondria (Fig. 6C) . The overall number of GFP foci was similar in the 2 strains, but the fluorescence intensity of these foci seemed to be slightly higher in the PY mutant.
The PY motif of Mdm34 is not required for ERMES assembly
Our results indicate that mutation of the PY motif of Mdm34, leading to lower levels of Mdm34 and Mdm12 ubiquitination, had no effect on mitochondrial or ER morphology, mtDNA distribution, mitochondrial fission or the distribution of Mdm34. However, this mutation resulted in a higher intensity of intracellular Mdm34-GFP foci. We therefore investigated the distribution of Mdm34 and its PY mutant, tagged with mCherry, relative to other ERMES components tagged with GFP (Fig. 7) . Both Mmm1-GFP and Mdm12-GFP colocalized with Mdm34-mCherry, whether the PY motif was intact or mutated (Fig. 7) . Moreover, mutation of the Mdm34 PY motif resulted in higher intensity of the signal for Mdm34[3PA]-mCherry and of the Mmm1 and Mdm12-GFP foci (Fig. 7) . These results suggest that lower levels of Mdm34 and Mdm12 ubiquitination do not alter assembly of the ERMES complex, but may somehow affect the stabilization or dissociation of this complex. We therefore investigated the behavior of Mdm34-GFP and its PY mutant in conditions stimulating the Rsp5-dependent ubiquitination of Mdm34 and Mdm12. H 2 O 2 treatment, late exponential growth phase and heat shock resulted in weaker punctate staining for Mdm34-GFP, with an increase of GFP fluorescence in the vacuole (Fig. 8A and Fig. S6 ). By contrast, the PY mutation abolished this targeting of Mdm34-GFP to the vacuole. We used the vacuolar protease mutant pep4D to check that the green signal observed in the vacuole was due to the relative resistance of GFP to vacuolar proteases ( Fig. 8 and Fig. S6 ). In this mutant, defective for various vacuolar enzymes, the processing of GFP-tagged proteins is delayed and consequently the green signal in the vacuole is more intense. Consistent with this, PEP4 deletion resulted in higher levels of GFP fluorescence in the vacuole, confirming the vacuolar accumulation of Mdm34-GFP in conditions inducing the ubiquitination of Mdm34 and Mdm12 (Fig. 8 and Fig. S6 ). Furthermore, we observed internal fluorescent structures in the vacuole of the MDM34-GFP pep4D strain (Fig. 8 and Fig. S6 , structures indicated with stars). Although less intense, GFP staining was also observed in the vacuole of the mdm34[3PA]-GFP pep4D strain, demonstrating that a small fraction of the protein, not visualized in a PEP4 strain, was also targeted to the vacuole.
The PY motif of Mdm34 is required for efficient mitophagy
Our results suggest that the Rsp5-dependent ubiquitination of Mdm34 may target this protein to the vacuolar compartment for degradation. The ERMES complex has been implicated in the degradation of mitochondria by autophagy, and some components of the autophagic machinery are also degraded by autophagy. We therefore investigated whether the targeting of Mdm34 to the vacuole observed in conditions inducing ubiquitination also occurred in conditions triggering mitophagy. Growth on respiratory medium followed by nitrogen starvation induced the same PY-dependent accumulation of Mdm34-GFP in vacuoles as observed during the late exponential growth phase, and in conditions of redox stress and heat shock in both the presence and absence of PEP4 (Fig. 8B) . The vacuolar Mdm34-GFP signal detected after 4 h of nitrogen starvation was accompanied by a decrease in punctate staining in the cytosol, but both the vacuolar staining and the punctate signals in cytosol increased in intensity after 24 h (Fig. 8B) . This suggests that, as reported for other factors involved in autophagy, the expression of Mdm34 may be upregulated to compensate for the targeting of this protein to the vacuole following the prolonged induction of mitophagy. 46 Moreover, the concentrated and highly fluorescent vacuolar structures seen upon PEP4 inactivation accumulated after 24 h of nitrogen starvation but were much less abundant when the Mdm34 PY motif was mutated. The morphology of these vacuolar structures is very similar to that of autophagosomes, the degradation of which is prevented by the inactivation of vacuolar peptidases. This further suggests that the Mdm34 PY motif and, thus, the Rsp5-dependent ubiquitination of Mdm34 and Mdm12, may affect the involvement of the ERMES complex in mitophagy.
We therefore investigated whether mitophagy was affected in the mdm34[3PA] mutant. In yeast cells, mitophagy can be induced by growth on a nonfermentable carbon source to enhance mitochondrial mass, and treatment with rapamycin, which mimics nitrogen starvation by inactivating the Tor kinase pathway, or by long periods of incubation in stationary phase (2 to 3 d). [47] [48] [49] Rapamycin inactivates the Tor pathway and induces many cellular responses, including autophagy. We assessed the growth of 2 different (GFP or MYC-tagged) PY mutants of MDM34 on glycerol-containing medium supplemented with 5 or 10 nM rapamycin (Fig. 9A) . The 2 PY mutants were clearly sensitive to rapamycin treatment.
We then used growth on glycerol-containing medium followed by rapamycin treatment to analyze mitophagy with the pH-sensitive biosensor mtRosella, which can be used for the direct detection of mitophagy. 50 MtRosella has a mitochondrial targeting signal at its N terminus, followed by the red fluorescent protein (DsRed) sequence, fused in tandem with a pH-sensitive GFP (pHLuorin). MtRosella labels mitochondria with overlapping green and red fluorescence (Fig. 9B) . 50 Upon the induction of mitophagy by rapamycin, mitochondria are targeted to the vacuole, where the green GFP signal of mtRosella is lost due to the low pH of the vacuole, such that only the red signal remains (Fig. 9B, white arrows) . 50 After one d of Once in the vacuole, mtRosella is cleaved, giving rise to a free GFP moiety resistant to degradation. A more quantitative approach to the analysis of mitophagy involves the use of western immunoblotting to detect the generation of free GFP. 14 We thus monitored the processing of mtRosella in WT and mdm34 [3PA] cells. After 24 h of rapamycin treatment, mtRosella levels decreased in the WT strain and this decrease was accompanied by an increase in free GFP levels (Fig. 9C left) . The level of mitophagy, assessed by calculating the ratio of % free GFP: (free GFP C mtRosella), in the mdm34[3PA] mutant was much lower than that in WT cells (Fig. 9C) . As rapamycin blocks the initiation of translation, we were able to analyze the half-life of Mdm34-MYC in these conditions (Fig. 9C, left and upper  panel) . In this context, wild-type Mdm34-MYC levels decreased more rapidly than those of the PY mutant, consistent with our observation that Mdm34 was targeted to the vacuole, probably together with the mitochondria, during mitophagy. Mitophagy is also induced after long periods of incubation (2 to 3 d) in a postexponential growth phase. 48, 49 In such conditions of starvation, the free GFP: (Free GFP C mtRosella) ratio in the mdm34[3PA] mutant was also lower than that in the WT, confirming the necessity of the PY motif of Mdm34 for efficient mitophagy (Fig. 9C, right panel) . [3PA]-GFP pep4D strains were grown to exponential growth phase in complete synthetic medium. The cells were divided into 2 sets. The first set was treated with 2 mM H 2 O 2 for 2 h (A) and the second set was washed 3 times with water and the cells were resuspended in SD-N medium and cultured for 4 or 24 h (B). GFP fluorescence was analyzed with a GFP filter set and cell morphology was investigated with DIC. Fluorescent structures inside the vacuole are indicated by a star symbol ( Ã ).
Crosstalk between ERMES, ubiquitination and mitophagy
The monitoring of mtRosella indicated that mutation of the PY motif of MDM34 reduced mitochondrial targeting to the vacuole by a factor of 2. However, some technical limitations were observed for the western blot analysis of mtRosella (Fig. S7) . A large number of degradative bands were observed when the cells were grown in the presence of rapamycin and during stationary phase (Fig. S7, bands are numbered) . Nonetheless, the percentage of free GFP was consistently higher in the wild-type strain than in the mdm34[3PA] mutant. We thus analyzed mitophagy following the processing of GFP-tagged mitochondrion-resident proteins upon the induction of autophagy, to confirm the results obtained with mtRosella. As expected, processing levels for the endogenous outer membrane protein Om45-GFP were lower in the mdm34[3PA] mutant after the induction of mitophagy, both in stationary phase and upon nitrogen starvation (Fig. 10A) .
The same defect was observed with the endogenous matrixresident chaperone Hsp78-GFP, a protein that displays partial colocalization with Mdm34 51 (Fig. S8) . These results confirm that mutation of the PY motif of Mdm34 decreases mitochondrial degradation by autophagy and suggest that the Rsp5-dependent ubiquitination of Mdm34 and Mdm12 is required for efficient mitophagy.
In this context, Rsp5 inactivation would be expected to mimic the effect of the mdm34[3PA] mutation on the processing of Om45-GFP upon nitrogen starvation. However, the rsp5D pspt23DCT strain is unable to grow on nonfermentable media, such as glycerol and lactate, and such culture is required to increase mitochondrial mass and to induce mitophagy (Fig. S9A) . The cells grew poorly in galactose-containing medium but normally in medium supplemented with raffinose, a poorly fermentable carbon source on which respiration is derepressed (Fig. S9A) . Mitochondrial porin (Por1) levels were higher in raffinose-containing medium than in glucose-containing media, suggesting an increase in mitochondrial mass (Fig. S9B) . We therefore analyzed mitophagy in the rsp5D pspt23DCT mutant grown in raffinose-containing medium at 25 C. Unlike nitrogen starvation after culture in nonfermentable conditions, the nitrogen starvation occurring after growth in raffinose-containing medium led to a progressive increase in the amount of Om45-GFP (Fig. S9C) . Moreover, the presence of free GFP, and, therefore, the induction of mitophagy, was not detected until 24 h of starvation (vs. 2 h for cells initially Figure 10 . Mutation of the PY motif of MDM34 affects mitophagy but not nonselective bulk autophagy. (A and B) . The MDM34-MYC OM45-GFP and mdm34[3PA]-MYC OM45-GFP strains were grown to early exponential growth phase in YNB with glycerol as the carbon source and supplemented with the appropriate amino acids. After one d in glycerol-containing medium, the cultures were split in 2: one half of the culture was left untreated for 3 d (A left part) and the other was washed 3 times with water and resuspended in SD-N medium and incubated for 2, 4 and 6 h (A, right panel and B). Protein extracts from atg1D, pep4D and a wild-type (WT) strain cultured to exponential growth phase in YPG were also prepared (B). Total protein extracts were prepared and analyzed by western immunobloting with antibodies against GFP (to detect full-length OM45-GFP and free GFP), MYC, Ape1 and Pgk1, as a loading control. MDM34-MYC and mdm34[3PA]-MYC strains, transformed with pGFP-ATG8, were grown as in (B) and protein extracts were analyzed by western immunoblotting with anti-GFP and anti-Pgk1 antibodies. The percentage of Free GFP corresponds to the ratio free GFP: (free GFP C Om45-GFP) (A) or free GFP: (free GFP C GFP-Atg8) (C). The percentage of prApe1 corresponds to the ratio prApe1: prApe1CApe1. cultured on glycerol at 30 C), when Om45-GFP levels were higher (Fig. S9C) . In these conditions, Om45-GFP processing rates were, nevertheless, significantly lower in the rsp5D pspt23DCT mutant than in the wild-type strain, 24 h and 48 h after the induction of starvation (Fig. S9C) . Thus, like the mdm34[3PA] mutation, the absence of RSP5 results in delayed mitophagy.
Specificity of ERMES ubiquitination in mitophagy
Our results indicate that the Rsp5-mediated ubiquitination of Mdm34 and Mdm12 is required for efficient mitophagy. We therefore investigated whether the inactivation of Rsp5 or mutation of the PY motif of Mdm34 affected other selective or bulk autophagy-dependent processes. The cytoplasm-to-vacuole targeting (Cvt) pathway is considered to be a selective type of autophagy mediating the delivery of the precursors of the vacuolar hydrolases aminopeptidase I (prApe1) and a-mannosidase (prAms1) from the cytosol to the vacuole (for a review see). 52 In the vacuole, prApe1 is activated by processing to generate a mature form of the protein (Ape1). This selective trafficking pathway, which requires several components involved in autophagy, occurs under nutrient-rich conditions, but the transport and vacuolar processing of Ape1 are further stimulated by starvation and the induction of autophagy. Growth in raffinose followed by nitrogen starvation stimulated the processing of prApe1, and this processing was moderately affected by the absence of RSP5 (Fig. S9C) , but not by mutation of the PY motif of MDM34 (Fig. 10B) . However, at time 0, before the initiation of starvation, there was more prApe1 in the rsp5D pspt23DCT and mdm34[3PA] mutants than in the wild-type strain. We conclude that the Rsp5-dependent ubiquitination of Mdm34 may control prApe1 processing in constitutive conditions, but that it is not involved in regulating the Cvt pathway following the induction of autophagy. Finally, neither rsp5 53 nor mdm34[3PA] mutations affected the processing of GFPAtg8, a marker for bulk autophagy and a component of autophagosomes, under nitrogen starvation conditions (Fig. 10C) . Thus, the ubiquitination of Mdm34 and Mdm12 was not involved in the core activity of autophagy, instead playing a more specific role in mitophagy and, to a lesser extent, in the Cvt pathway.
Crosstalk between ERMES ubiquitination and factors involved in autophagy
Overall, our results demonstrate that the Rsp5-dependent ubiquitination of Mdm34 and Mdm12 is required for efficient mitophagy. We thus investigated whether mutation of the PY motif affected the cellular distribution of Mdm34 relative to components of the autophagy machinery shown to be essential for mitophagy ( Fig. 11 and Fig. S10 ). For this purpose, the cellular distributions of the Mdm34 and Mdm34[3PA] proteins fused to mCherry were analyzed upon mitophagy induction, in cell co-expressing the mitophagy receptor GFP-Atg32, and the ubiquitin-like GFP-Atg8 present on autophagosomal membranes or GFP-Atg9, the only integral membrane protein of the Atg family of proteins. As expected from its predicted role in the delivery of lipids to the autophagosome, 14 Mdm34-mCherry colocalized with GFP-Atg32, GFP-Atg8 and GFPAtg9 (Fig. 11 and Fig. S10) . Mutation of the PY motif of Mdm34 did not affect the colocalization of Mdm34 with Atg32 or Atg8. However, the mutant Mdm34[3PA]-mCherry protein was more frequently colocalized with GFP-Atg9 than the wild-type Mdm34-mCherry (Fig. 11 , colocalization indicated with arrows). Atg9 is a transmembrane protein considered to act as a potential membrane carrier, transporting membranes from other organelles to the phagophore to facilitate nucleation and/or expansion of the autophagosome. 54 The colocalization of GFP-Atg9 and Mdm34[3PA]-mCherry puncta thus suggests that inhibition of the ubiquitination of Mdm34 and Mdm12 may lead to Atg9 being sequestered or stabilized at contact sites between the mitochondria and the endoplasmic reticulum.
Discussion
We show here that Mdm34 and Mdm12, 2 components of the ERMES complex, are ubiquitinated by the E3 ligase Rsp5. This ubiquitination was induced, in media containing glucose or glycerol, in conditions triggering mitochondrial fission. However, a mutation of MDM34 interfering with the ubiquitination of both Mdm34 and Mdm12 did not inhibit mitochondrial fragmentation. We further demonstrated that Rsp5-dependent ubiquitination was not involved in promoting the turnover of Mdm34 and Mdm12. Instead, it was involved in the degradation of mitochondria by autophagy. These findings reveal a new role for Rsp5 in mitophagy.
A previous study has identified Mdm34 as a potential substrate of the ubiquitin ligase Mdm30. 20 However, Ota et al. show that deletion of MDM30 only partly decreases Mdm34 ubiquitination, indicating the probable involvement of another ubiquitin ligase. We found that MDM30 deletion did not decrease or abolish the ubiquitination of Mdm34. This discrepancy with the findings of Ota et al. probably results from differences in the technical approaches used. 20 The strains used in the 2 studies were of different backgrounds, and we used 9 and 13-MYC rather than the T7 epitope for the C-terminal tagging of Mdm34. With this T7 epitope, Ota et al. are unable to detect Mdm34 in whole-cell extract and are forced to use mitochondria-enriched fractions. With the MYC epitope, we were able to visualize Mdm34 in whole-cell extracts and the ubiquitination of this protein may have been better preserved in cells lacking MDM30.
Previous studies have identified Mdm34 as a potential binding partner of Rsp5, but the ubiquitination of Mdm34 is not documented. 35, 36 Here, we demonstrate that Rsp5 promotes the ubiquitination of both Mdm34 and Mdm12. However, Rsp5 did not seem to target the other ERMES components, Mmm1, Mdm10 and Gem1. The PY motif of Mdm34 was found to be essential for the ubiquitination of both Mdm34 and Mdm12, as its mutation, and not the mutation of the potential PY motif of MDM12, abolished the ubiquitination of both proteins. This suggests that Mdm34 may be a direct target of Rsp5 involved in the recruitment of the ligase to the contact sites between the ER and the mitochondria.
We showed that, in the experimental conditions tested, the ubiquitination of Mdm34 and Mdm12 did not regulate the rapid turnover of these proteins. While our paper was under revision, another group published results confirming our observations concerning the ubiquitination of Mdm34 by Rsp5 and the role of the PY motif in this post-translational modification. 55 However, in their experimental conditions, Wu et al. observe very high levels of Mdm34 polyubiquitination (polyubiquitinated chains >170 kDa), which are implicated in the rapid turnover of the protein. 55 Their results do not conflict with those presented here but they indicate that the length of ubiquitin chains may change the fate of Mdm34. We showed that Mdm34 and Mdm12 undergo multi-monoubiquitination and short-chain K63 polyubiquitination, modifications that do not promote efficient targeting to the proteasome. 41 The regulation of the ubiquitination status of Mdm34 therefore probably involves the editing of Rsp5-mediated ubiquitination by ubiquitin proteases (DUBs), which restrict the elongation of ubiquitin chains. Ubp2 is a DUB that physically interacts with Rsp5, counteracting its activity by trimming the chains added by the ligase, to yield monoubiquitinated substrates. 56 Ubp3 is another ubiquitin protease that deubiquitinates Sec23, a protein target of Rsp5. 57 Ubp3 has recently been identified as a positive regulator of autophagy and a negative regulator of mitophagy. 34 Atg19, a receptor for the Cvt pathway, is ubiquitinated and subject to deubiquitination by Ubp3. 58 The substrates of Ubp3 for mitophagy remain to be identified and the identification of a DUB enzyme acting on Mdm34 and Mdm12 would clearly help to clarify the role of Mdm34 and Mdm12 ubiquitination in mitophagy and proteasomal degradation.
Stress conditions inducing mitochondrial fission also stimulated the ubiquitination of Mdm34 and Mdm12 and induced the targeting of Mdm34 to the vacuole. Conversely, the inhibition of ERMES component ubiquitination observed in the mdm34[3PA] mutant affected the targeting of Mdm34 to the vacuole, thereby delaying the induction of mitophagy, but not mitochondrial fragmentation. However, it remains unclear how ubiquitination mediates mitophagy.
Rsp5 has recently been shown to ubiquitinate polyQ proteins, which are recognized by the ubiquitin-binding CUEdomain protein Cue5. 53 Cue5 was the first ubiquitin-Atg8 receptor to be identified in yeast and to be shown to function in the ubiquitin-dependent autophagy of aggregation-prone proteins. It is tempting to speculate that the recruitment of Rsp5 to contact sites between the ER and mitochondria promotes the ubiquitination of Mdm34 and Mdm12, thereby promoting the recruitment of Cue5 or another ubiquitin-binding protein and facilitating the recruitment of the autophagy machinery. A defect in the stability or turnover of the ERMES complex might therefore affect mitophagy, as observed in the mdm34[3PA] mutant. In this context, Mdm34 may act as a mitophagy receptor independent of Atg32, for the recruitment of Atg8 and Rsp5 may thus accomplish a function similar to PARK2/Parkin in mitophagy.
It has been suggested that ERMES components supply lipids to the growing autophagosomes during mitophagy.
14 Our results show that the ubiquitination of Mdm34 and Mdm12 is important not only for mitophagy, but may also regulate the Cvt pathway in nutrient-rich conditions. We have also shown that the core autophagy machinery is not affected (normal GFP-Atg8 processing and localization) and that the mitophagy receptor GFP-Atg32 is not mislocalized upon mutation of the PY motif of Mdm34. However, we observed a higher level of GFP-Atg9 colocalization with the Mdm34[3PA] mutant, consistent with a role for ERMES in autophagosome biogenesis. Atg9 is an integral membrane protein that cycles between the PAS (phagophore assembly site), mitochondria and other cytoplasmic pools. 54 Mutation of the PY motif of Mdm34 may affect the trafficking of Atg9, thereby affecting autophagosome biogenesis. Further experiments are required to determine how this could be achieved.
Materials and methods
Yeast strains and plasmid constructs
The yeast plasmids and strains used in this study are listed in Tables 1 and 2 . Except for mdm12D and atg1D (BY4741 background), all yeast strains are derivatives of W303 or DF5. 59 DNA manipulations, including restriction endonuclease digestions, fill-in reactions with Klenow fragment, and ligations, were performed by standard methods. 60 Deletion strains and strains carrying genes encoding proteins with MYC or GFP tags were constructed by one-step gene replacement, with PCR-generated cassettes. 61, 62 We obtained the mdm30D and rsp5D strains carrying tagged ERMES protein genes by adding the tag sequence to the gene concerned in the MHY501 strain, crossing with strains carrying a deletion and then carrying out tetrad dissection and analyzing the haploid Mat a progeny. The PPPY motif (PPPY!AAAY) of MDM34 was mutated by PCR with the MDM34-3A-S3 primer:
0 . The pMDM12-13MYC and pMDM12[3A]-13MYC plasmids were constructed as follows: the MDM12-13MYC coding sequence flanked by 1 kb of the promoter region and 0.5 kb of the terminator was amplified by PCR from the genomic DNA of strain MDM12-13MYC with primers P324: 5 0 -agaactagtggatcctgttgattgcgacggaagaccagga-3 0 and P325: 5 0 -atcgaattcctgcagcagttggtagaaaccagcttccat-3 0 . The resulting product was inserted into the pRS316 (URA3, CEN) plasmid digested with the SmaI enzyme with the InFusion HD Cloning Kit (Clontech, 638909) to yield pMDM12-13MYC.
The pMDM12-13MYC plasmid was used as a template for LPSY to AAAY mutagenesis with the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, 210518) Mutagenic primers were designed with the web-based QuikChange Primer Design Program available online at: www.agi lent.com/genomics/qcpd.
The integrative plasmids YIplac128-MITO-GFP and YIplac128-MITO-MCHERRY were constructed as follows: the mCherry sequence was amplified and used to replace GFP in the pYX232-mtGFP plasmid 63 to yield a pYX232-mtmCherry plasmid. The 2 fusion genes (MITO-GFP and MITO-MCHERRY) were amplified by PCR and inserted into the p426 plasmid (2m, URA3) under the control of the TEF promoter and with the CYC1 terminator. 64 The plasmids obtained were then used as a template for amplification of the pTEF-MITO-GFP-terCYC and pTEF-MITO-MCHERRY-terCYC cassettes with the Yiplac128-TEF-F and CYC-Yiplac128-R primers: (Yiplac128-TEF-F: 5 0 -TCTAGAGGATCCCCGGGTACCGAG CTCATAGCTTCAAAATGTTTCT-3 0 and CYC-Yiplac128-R: 5 0 -AGTGAATTCGAGCTC GGTACCGGTACCGGCCG CA AATTAAAGCCTT-3 0 ). The resulting products were verified by DNA sequencing, and inserted into the YIplac128 plasmid (Leu2/INT) digested with KpnI, with the In-Fusion HD Cloning Kit (Clontech, 638909), to yield YIplac128-MITO-GFP and YIplac128-MITO-MCHERRY. These 2 plasmids were digested with EcoRV (restriction site in LEU2) and yeast cells were transformed with 0.5 mg of digested DNA, to generate strains in which MITO-GFP or MITO-MCHERRY was integrated into the LEU2 locus. Yeast strains with GFP-HDEL (ER marker) integrated into the TRP1 locus were obtained by transformation with 0.5 mg EcoRV-linearized Yiplac204/TKC-GFP-HDEL. 65 The plasmids Yep96-8HIS-UB, Yep96-8HIS-UB-K0, Yep96-8HIS-UB-K63only and Yep96-8HIS-UB-K48only were constructed as follows: the plasmid Yep96-Ub 66 was used as a template for lysine-to-arginine mutagenesis with the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, 210518). Mutagenic primers were designed with the web-based QuikChange Primer Design Program available online at www.agilent.com/genomics/qcpd. The 8HIS tag was inserted into the resulting plasmid with the Q5 Ò Site-Directed Mutagenesis Kit (New England BioLabs Inc., E0554S). Insertion primers were designed with NEBaseChanger TM software, available at: www.NEBaseChanger.neb.com.
Growth conditions
Microbiological techniques, including yeast growth and plasmid transformation, were performed as described elsewhere. 67 Yeast cells were grown at 24 C or 30 C in rich medium (YP) 1% yeast extract, 2% peptone; supplemented with 2% glucose (YPD); 2% glycerol (YPG); 2% raffinose (YPR); 2% galactose; or 2% lactate. Cells transformed with plasmids were grown in minimal medium (YNB) containing 0.67% yeast nitrogen base without amino acids (Difco, 291940) and supplemented with a 0.1 g/L of each amino acid and nucleic acid base component (Sigma-Aldrich), except those used for selection. The carbon source was 2% glucose or 2% glycerol.
Western blot analysis
Total protein extracts were prepared by the NaOH and trichloroacetic acid (TCA) lysis technique. 68 Treatment with glycosidase EndoH f (New England BioLabs Inc., P0703S) was performed as previously described. 69 Proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes (GE Healthcare, RPN2020D). The primary antibodies used for immunoblotting were monoclonal anti-MYC (clone 9E10), anti-Pgk1 (Abcam, Ab113687), anti-Vma2 (Abcam, Ab113684) and Anti-VDAC1/Porin (Abcam, Ab18988) antibodies. The primary antibodies were detected by incubation with horseradish peroxidase (HRP)-conjugated anti-mouse secondary antibodies (Sigma-Aldrich, A9044), followed by ECL chemiluminescence (Clarity Western ECL Kit, Bio-Rad, 1705060). Unless specified, immunoblotting images were acquired with a Gel Doc~XRC (Bio-Rad) and processed with Image Lab Software. Free GFP was quantified with Image Lab 3.0 build 11 software. For ubiquitin detection, total protein extracts were prepared as described above and separated by SDS-PAGE in 15% Tris-glycine gels. The proteins were transferred to a PVDF (polyvinylidene fluoride) membrane (Merck Millipore, IPVH00010) previously activated by incubation in 100% ethanol for 5 min at room temperature and washed twice in transfer buffer. After transfer, the membrane was boiled in water for 15 min, then saturated with 5% BSA (Sigma-Aldrich, A7906) and incubated with monoclonal anti-ubiquitin antibodies directly coupled to HRP (Enzo Life Sciences, BML-PW0935-0025). We analyzed protein turnover by adding 100 mg/mL cycloheximide (CHX; Sigma-Aldrich, 7698-1G) to the yeast cultures grown at 24 C, which were then shifted to 37 C. Total protein extracts were prepared at the indicated time points after CHX addition and processed as previously described.
Fluorescence microscopy
Fluorescence microscopy was carried out with a Zeiss Axio Observer Z1 microscope (Carl Zeiss Microscopy GmbH, Germany) with a 63x oil immersion objective. Images were acquired with an SCMOS ORCA FLASH 4.0 charge-coupled device camera (Hamamatsu Photonics, Japan 
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